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Abstract
This paper studied the requirements of aeroplane airworthiness regulations and means of compliance for the 
aeroplane takeoff and landing performance on a contaminated runway. The procedure for certification of some type 
of aeroplane’s performance on the contaminated runway was presented as an example of how to show compliance 
with the rules. Some relevant certification aspects of contaminated runways were discussed too. Flight tests
significantly improve the accuracy of calculation results. More research is still required to be made on the method of 
flight test on different kinds of contaminant.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Airworthiness 
Technologies Research Center NLAA, and Beijing Key Laboratory on Safety of Integrated Aircraft and 
Propulsion Systems, China
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1. Introduction
With the rapid development of civil aviation industry, several accidents of aeroplane overrun or deviate 
from the wet or contaminated runway during takeoff and landing happened recent years. According to 
statistics runway condition combined with inconvenient crosswind is the indirect reason for 75% of the 
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accidents as mentioned above. The contaminated runway with standing water, slush, snow and ice is the 
direct reason for 18% of the accidents as mentioned above [2].
Up to now only European Aviation Safety Agency (EASA) and Transport Canada Civil Aviation 
(TCCA) make the requirements for certification of takeoff and landing performance on the contaminated 
runway. But almost all the aeroplane type certificate applicants (as applicants hereafter) offer the 
performance data for contaminated runway and also the relevant operation procedures. Some aeroplanes 
included these requirements in the aeroplane certification basis as special conditions. Some aeroplanes 
offer the data as supplementary information to the aeroplane flight manual (AFM) but this part of AFM 
has not been approved by the authority. Most of the performance data for contaminated runway is based 
on the data achieved by flight test on smooth, dry, and hard-surfaced runway, which has been validated by 
the authority through certification process.
But the contaminated runway data extrapolated from the dry runway is not accurate. Even the data for 
dry runway is different from real operation. The landing distance listed in the AFM is based on the flight 
test conducted by the flight test pilot on a dry runway with the specified aeroplane weight. In order to 
achieve shorter distance large sink rate and glide slope was used during the flight test. And the maximum 
manual brake was actually used. Then software was used to calculate the required landing distance under 
all possible conditions. But in fact there are many factors affecting takeoff and landing distance of an 
aeroplane, such as surface condition of runway, speed reducing equipments, brake efficiency, tire 
condition, skill of pilot, weather and runway elevation. For daily operation the rules ask operators to 
multiply the distance got from test by some factor to be the required distance for takeoff and landing, 
which can increase the safety margin.
The definition of contaminant, brake efficiency, data reduction method used by different applicants is 
different. In order to keep safety of aeroplane operation on a contaminated runway the TCCA has 
suggested the Federal Aviation Agency (FAA) to make supplement and amendment to current 
airworthiness and operation regulations, add requirements for aeroplane performance data on the 
contaminated runway. The FAA is still making evaluation of this suggestion. 
For the purpose of keeping aeroplane operation safety Civil Aviation Administration of China (CAAC) 
is supposed to raise the requirements for aeroplane performance data on the contaminated runway for
certification of a new type of transport aeroplane. So the methodology used to show compliance with such 
requirements should be studied.
2. CETIFICATION REQUIREMENTS FOR AEROPLANE PERFORMANCE ON 
CONTAMINATED RUNWAYS
As required by CS 25.1591 EASA asks applicants to provide the performance data on contaminated 
runways for operation and in the AMC 25.1591 the acceptable means of compliance is provided. Most 
applicants construct their performance database on contaminated runways following this advisory 
material and the relevant operation rules of EASA. 
CAAC issued the Advisory Circular Aviation Operator Requirement for Operation on Wet and 
Contaminated Runways (AC-121-FS-2009-33) on December 14, 2009. According to this AC CAAC 
accepts the performance data based on relevant operation requirements and advisory material of EASA. 
With reference to EASA CS 25.1591 CAAC is supposed to issue the special condition for new type of 
transport aeroplane certification.
The AMC 25.1591 provides an analytical method to calculate the drag caused by contaminants and 
also default values of braking friction coefficient for different kinds of contaminant. But due to the 
contaminant condition on a runway is very complicated and this AMC only indicate general principal and 
elements that should be addressed. For different aeroplanes there may be big difference between the 
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calculated data and real data. So it is still very necessary for the flight test to be carried out especially for 
a new applicant who is lack of experience and previous test data for reference. And there are some other 
relevant certification aspects of the contaminated runway should be considered for certification.
3. DEFINATION AND CHARACTERISTICS OF CONTAMINATED RUNWAYS
A runway is considered to be contaminated when more than 25 percent of the runway surface area 
(whether in isolated areas or not) within the required length and width being used, is covered by surface 
water more than 3 mm (0.125 inch) deep, or by slush, wet snow, dry snow, compacted snow or ice 
equivalent to more than 3 mm (0.125 inch) of water.
If the critical area of runway, including high speed or liftoff section for roll out is covered by the 
contaminant mentioned above, it will be regarded as a contaminated runway too [2].
Usually the contaminant list below is considered when producing performance data for the 
contaminated runway:
(a) Standing Water
Water of a depth greater than 3mm. Standing water is accumulated water on the runway surface caused 
by heavy rainfall or by poor drainage.
(b) Slush
Partly melted snow or ice with a high water content, from which water can readily flow, with an 
assumed specific gravity of 0.85. Slush is normally a transient condition found only at temperatures close 
to 0°C.
(c) Wet Snow
Snow that will stick together when compressed, but will not readily allow water to flow from it when 
squeezed, with an assumed specific gravity of 0.5.
(d) Dry Snow
Fresh snow that can be blown, or, if compacted by hand, will fall apart upon release (also commonly 
referred to as loose snow), with an assumed specific gravity of 0.2.
The assumption with respect to specific gravity is not applicable to snow which has been subjected to 
the natural ageing process.
(e) Compacted Snow
Snow which has been compressed into a solid mass such that the aeroplane wheels, at representative 
operating pressures and loadings, will run on the surface without causing significant rutting.
(f) Ice
Water which has frozen on the runway surface, including the condition where compacted snow 
transitions to a polished ice surface. Usually the friction coefficient is 0.05 or below.
When conducting takeoff and landing performance analysis several factors such as depth, density of 
different contaminant, whether increase drag or not, braking friction reduction should be considered. 
Applicants may select some other type of contaminant if necessary and the associated recommended 
operation procedure should be provided together.
There is some impact of contaminated runway surface on aeroplane performance. For runways covered 
with water, slush, loose snow or wet snow both the acceleration and deceleration capability of aeroplane 
will be affected. For runways covered with compacted snow or ice only the deceleration capability will be 
reduced. The possibility of hydroplaning will be greatly increased on a contaminated runway. Another 
influence is loss of directional control. 
In order to prevent hydroplaning the applicants may advise the pilot to accomplish firm touchdown 
with large sink rate, use rudder to assist in keeping direction and use the steering wheel carefully. If 
necessary the asymmetry brake can be used.
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4. CONSIDERATION OF CERTIFYING AEROPLANE PERFORMANCE ON 
CONTAMINATED RUNWAYS
4.1. Background of Mathematical Method
The idea of performance on contaminated runway analysis uses idea of wet runway analysis for 
reference and some assumption is same as used for wet runway performance calculation. However 
contaminated runway conditions are much more complicated than that of wet runway. So the 
mathematical method used for contaminated runway is very different from the method used for wet 
runway.
The most direct and convenient way is to establish the relationship between the friction coefficient μ of 
contaminated runway and dry runway, then extrapolate
μcontam from μdry. Many factors may affect friction of aeroplane (force between types and runway surface), 
such as aeroplane weight, tire wear, tire pressure, efficiency of anti-skid system and speed. The only way 
to obtain the aeroplane’s effective μ would be to use the aeroplane itself in the same takeoff or landing 
conditions, which is obviously not realistic in daily operations. For daily aeroplane operation the airport 
authorities use some friction-measuring instruments, for example: Skidometer, Saab Friction Tester (SFT), 
MU-Meter, James Brake Decelerometer (JDB), Tapley meter, Diagonal Braked Vehicle (DBV) to 
measure the μ. This reference parameter is published by the airport authority in “SNOWTAM”. Then the 
reported μ should be correlated to be the actual braking performance of aeroplane (effective μ). But up to 
the present there is no reliable and universal database can establish the relationship between these two μ 
for all types of contaminant and aeroplanes. Therefore different from wet runway performance data on 
contaminated runways is a function of the type of contaminant and depth of contaminant, and not as a 
function of the aeroplane’s effective μ.
4.2. Brief Introduction to AMC 25.1591
The AMC 25.1591 provides an acceptable analytical means to show compliance with CS 25.1591. 
Though the AMC does not require flight test for validation such testing if carried out at the discretion of 
the applicant may significantly improve the quality of the result or reduce the quantity of analytical work 
required.
Some research institutes and manufactures such as National Aerospace Laboratory (NLR), Boeing, 
Saab, McDonnell Douglas have conducted a lot of flight tests to study the mathematical methods for 
calculating the takeoff and landing performance on wet and contaminated runways. Some of these tests 
were conducted by using water trough facility. Both Saab and NLR have also conducted tests on snow 
covered runways. Some mathematical models could meet the measured values well but many models 
required to be modified for calculating the realistic precipitation drag.  
Just as mentioned by AMC 25.1591 due to the nature of naturally occurring runway contaminants it is 
difficult to develop such a kind of mathematical model which can be commonly used for all aeroplanes. 
So flight test is very important for producing the performance data on contaminated runways especially 
for a new type of large transport aeroplane. 
Anyway the analytical means of AMC 25.1591 has been widely accepted and it has been improved by the 
flight tests. So the method is still very helpful and effective for compiling calculation software.
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4.3. Application of  AMC 25.1591
Calculation steps and some key points of AMC 25.1591 are given below.
(a) Assumptions
A series of assumptions are used for calculation:
(1) The contaminant is spread over the entire runway surface to an even depth.
(2) The contaminant is of a uniform specific gravity (The density of the contaminant divided by 
the density of water).
(3) Takeoff performance assumptions remain unchanged from those used for a wet runway.
(4) Assumptions for ground distance of landing remain unchanged from those used for a dry 
runway.
(5) For contaminated surfaces, the airborne distance should be calculated by assuming that 7 
seconds elapse between passing through the 50 ft screen height and touching down on the runway. In 
the absence of flight test data to substantiate a lower value, the touchdown speed should be assumed 
to be 93% of the threshold speed.
(6) For other braking friction values other than the default values, wheel brake torque capability 
and brake energy characteristics are unaffected. 20% of the permitted tire wear range remains.
(b) Effect of Contaminants and Classification
(1) Drag produced by contaminant can be classified as:
(i) Tire displacement drag.
This drag is due to the wheel(s) running through the contaminant and doing work by displacing 
the contaminant sideways and forwards.
(ii) Spray Impingement Drag 
Including drag caused by direct impact of the spray and drag caused by skin friction (the 
relative velocity between spray from the landing gear and wetted aeroplane components causes 
drag due to skin friction).
(iii) Tire compression drag of dry snow.
(2)   Braking friction reducing;
(3) According to characteristics and calculation method of contaminant, the contaminants can be 
classified into three categories:
(i) Standing water, slush, wet snow (depth at and above 5 mm);
(ii) Dry snow and;
(iii) Wet snow (depth below 5 mm), dry snow (depth below 10 mm), compacted snow and ice.      
(c) Calculation Procedure and Key Points
(1) For contaminants of category i, firstly the aquaplaning speed VP should be determined. 
According to AMC 25.1591 VP = P9 . But the research made by NASA shows if wheels lock 
immediately after touching down runway the aeroplane will start aquaplaning directly. So VP =
P7.7 (where VP is the ground speed in knots and P is the tire pressure in lb/in
2). Some aeroplanes 
used NASA’s formulation to calculate the VP for landing data. Once the VP is determined, two 
conditions will be considered according to aeroplane ground speed.
(2) For speed under VP
(i)  Determine displacement drag. 
For single wheel the equation in AMC 25.1591 can be used directly. But according to multiple 
wheels there may be errors of the factors provided by the AMC for some aeroplanes. It’s 
suggested to determine the suitable factors by flight test.
(ii) Determine spray impingement drag.
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The spray geometry should be determined before calculation. If it is not determined by test 
applicants may use ESDU Data Item 83042 Estimation of Spray Patterns Generated from the Side 
of Aeroplane Tires Running in Water or Slush and NASA Report TP-2718 Measurement of Flow 
Rate and Trajectory of Aeroplane Tire-Generated Water Spray as reference. 
(3) For speed at and above VP, the drag is regarded as zero at lift off. And a curve shows the 
relationship between speed and drag coefficient reduction in AMC 25.1591. 
(4) For contaminants of category ii
The theoretical model of dry snow is presented in Method for Predicting the Rolling Resistance of 
Aircraft Tires in Dry Snow and Rolling Resistance of Aircraft Tires in Dry Snow. The typical dry 
snow specific gravity is selected to be 0.2. The compression and displacement drag of single tyre and 
multiple tyres can be calculated. The drag due to contaminants impingement on the airframe of 
category ii can be neglected. 
(5) For contaminants of category iii
It is assumed that the aeroplane is rolling on the surface of such contaminants or the contaminant 
drag is too small which can be ignored, so only the friction coefficient (effective μ) is affected. 
Applicants may produce the performance data as a function of braking friction value directly. 
(6) Braking friction
The AMC 25.1591 provides some conservative friction value for absence of any direct test 
evidence.
(d) Additional Considerations
(1) When operating on contaminated runways, ground handling characteristics will not be as good 
as that on dry runways, particularly under crosswind conditions and when using thrust reversers. So 
it is probably necessary to determine the minimum V1 and Vmcg on contaminated runway.
(2) In considering the maximum depth of runway contaminants it may be necessary to take 
account of the maximum depth for which the engine air intakes have been shown to be free of 
ingesting hazardous quantities of water in accordance with CS 25.1091(d)(2).
Here is a table of the runway contaminants and maximum depths suggested by Airbus.
For other aeroplanes the maximum contaminant depths may be different for takeoff and landing.
Table 1. Maximum Contaminant depth for Wet and Contaminated Runways Suggested by Airbus
Contaminant Wet runway or equivalent Contaminated runway
Water (fluid) < 3 mm (0.12 in) 3 to 12.7 mm (0.5 in)
Slush (fluid) < 2 mm (0.08 in) 2 to 12.7 mm (0.5 in)
wet snow (fluid) < 4 mm (0.16 in) 4 to 25.4 mm (1 in)
dry snow (fluid) < 15 mm (0.59 in) 15 to 50.8 mm (2 in)
Compacted snow (hard) / No depth limit
Ice (hard) / No depth limit
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5. CASE STUDY
Though flight test is not mandatory but only use mathematical method alone may bring too large errors.
During the certification of some type of aeroplane by comparing test results and the original method 
great difference was found. After modification the new method compares very well with the test data. 
Then the performance data was calculated by using the modified method.
5.1. Original Method
This case is about standing water. At first with reference to AMC 25.1591 an original method to 
calculate the precipitation drag as a function of speed was developed.
Fig. 1. Original Drag versus Speed Ratio
5.2. Flight Test
A series of tests were performed to validate the original precipitation drag calculation method. The test 
aeroplane was allowed to coast through a trough filled with a desired depth of water for several test 
conditions. The ground speed was read at the desired midpoint of the trough. Linearly interpolating the 
acceleration at the entrance and exit of the trough to this midpoint gave the acceleration delta at this point. 
Then the precipitation drag was obtained by multiplying weight of the aeroplane by the change in 
acceleration. The drag force was linearly corrected to a common water depth of 0.5 inch. For two main 
gears, it was corrected to the drag for one gear.
The test was repeated for several different weights and speeds with only the nose gear, both main gear 
and all three gears coasting through the trough. At last the relationship between drag and speed has been 
determined.
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The actual spray impact areas were also measured during the test. 
Fig. 2. Nose Gear Trough Test                                                            Fig. 3. Main Gear Trough Test
5.3. Test Data Comparison and Calculation Method Modification 
The test drag for each gear and all three gears in standing water were compared with the calculated 
values obtained by using the original method.
Fig. 4. Precipitation Drag Comparison
The test results indicated that the calculated precipitation drag by the original method should be 
decreased approximately 50 percent as shown by the dashed lines in Fig. 4. The dashed lines in this figure 
comply fairly well with the test data at low speed but are significantly higher than the test data at high 
speed. It means the original method calculated too much drag at and above the aquaplaning speed. 
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The original method used two times the width of one tire as the “tire width” for dual tire configurations. 
However, the test data indicated that the “tire width” for dual tire configuration should be equal to the 
distance between the outer surfaces of the two tires (i.e. including the space between the two tires). The 
original method was modified accordingly to calculate realistic precipitation drag versus speed.
Fig. 5. Modified Drag versus Speed Ratio
The modified method complied very well with the test data throughout the speed range. 
Fig. 6. Modified Drag versus Test Data
5.4. Performance Data Extrapolation 
The performance data on contaminated runway was extrapolated based on the modified method. The 
adjustment of field length and speeds from the dry runway to the contaminated runway was determined. 
A series of data tables and associated correction charts were produced and put into the AFM. 
For the ground distance of takeoff field length it was separated into two sections by the VP. The 
aeroplane was assumed to rise out of the precipitation at VR and aquaplane along the top of precipitation 
(with zero spray drag and rolling tire drag) until it is accelerated to VLOF, and then calculate the air 
distance to the screen height of 15 ft. Both the landing distance for VREF and VREF+10 kts were calculated.
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6. RELEVANT CERTIFICATION ASPECTS
6.1. Performance Information and MEL
The supplementary performance information for contaminated runway can be presented as separated 
data or as the incremental data based on dry runway data.  The AFM should clearly indicate how to define 
data for contaminant. If not all the contaminants are covered by the AFM the substitute principle should 
be stated. In addition to performance information appropriate to operating on a contaminated runway, the 
AFM should also include recommended procedures associated with this performance information. Special 
attention should be paid to the crosswinds, asymmetry thrust reverser, use of high engine thrust or derates.
If some speed reducing equipments other than wheel brakes, such as thrust reverser are supposed to be 
used on the contaminated runway, there should be relevant limitations to these equipments in the MEL.
6.2. Contaminant Ingestion
According to CCAR 25.1509 there is requirement for the applicant to set limits to the maximum 
allowable water or slush depth. But it does not mention the maximum allowable snow depth. During 
takeoff if snow is ingested into the engine it could cause RTO. So when determine the maximum depth of 
the snow it should not be hazardous for ingestion.
6.3. Crosswind
According to CCAR 25.237 there is only requirement for dry runways. The crosswind values for dry 
runways presented in the aeroplane flight manual are the maximum demonstrated in the certification 
flight test. The crosswind values on wet and contaminated runways are obtained through analytical 
methods, engineering judgement and simulator. No test flights are required to establish these crosswind 
values. Crosswind limits for wet and contaminated runways are normally lower than the values for dry 
runways. So there should be some limitations associated with the relevant operation procedure for takeoff 
and landing on a wet or contaminated runway in crosswind.
6.4. Delay of Speed Reducing Equipments
Normally there are three types of speed reducing equipments installed on modern aeroplanes, the
autobrake system (including the antiskid system), thrust reverser and automatic spoilers system. Most of 
the systems need wheel speed signal to be activated. When an aeroplane is landing on contaminated 
runways the wheel spin-up may be delayed due to hydroplaning.  So there should be some particular 
procedures to operate these systems or some different working modes for these systems to be activated 
under contaminated conditions.
7. CONCLUSIONS
According to the study made by NLR there is a four-fold increase in the accident risk for aeroplane 
operating on wet and contaminated runways. With more and more accidents occurred due to 
contaminated runways the aviation authorities of some countries have suggested to make amendment to 
current airworthiness certification and operation regulations. Some Advisory Circulars and special 
conditions have been issued. And most of the aeroplane manufactures provide the performance data in 
different forms (such as supplementary material to AFM, QRH) and also the associated recommendations 
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and operational guidance. So it is important for CAAC and the applicants of China to make research on 
this subject and catch up with the new development of contaminated runway performance study.
It is acceptable to use the calculation method in the AMC 25.1591 to make analysis. But data got by 
using the analytical method alone may have big difference from the realistic operation conditions. So it 
could be not reliable or applicable for operation. With reference to experience of foreign applicants it will 
be very helpful and much more accurate if using flight test data to calibrate the calculation software. 
There is no advisory material about how to conduct these flight tests on contaminated runways yet. 
Further research is still required to be made. 
And special attention should be paid to the relevant regulations such as, contaminant ingestion and 
crosswind.
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